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NATIONALADVISORYCOMMITTEEFORAERONAIJTICS

RESEARCHMEMORANDUM

B(XJNDARY-IAY1313TRANSITIONAT HIGHRINNOLOSNUMBERSAS OBTAINED

INFLIGHTOFA 20°CONE-CYGINDERWDIKWAILTOLOCAL

STREAM~ RATIOSIll?JiR1.0

.ByLeonardRabbandJohnH.Disher

A highlypolished20°included-anglecone-cylinderbodyofrevolu-
tionhasbeenflownto obtainheat-transferandboundary-layer-transition
dataatlowratiosofwallto localstreamtemperature.Duringthe
flight,a maximumfree-streamMachnumiberof5.02anda maximumlocal
Reynoldsnuniberontheconical.surfaceof50X106werereached.Transi-
tionsfroma turbulentto a lsminsrandfroma laminsrto a turbulent
boundarylayerwereobservedat eachof sevenmeasuringstationsonthe
cone.ThemaximumlocalReynoldsnumberatwhichlsminarflowwasob-
servedwas32X106.

VanDriesttsanalysisofboundary-layerstabilityat infinite
ReynoldsnumbersforlocalMachnumbersfrom2.5to4.0closelyapproxi-
matestheconditionsunderwhichtransitionoccurredduzingthisinvesti-
gationwhentheanalysisisbasedona Prandtlnumberofl.O.anda Mnear
relationof viscositywithtemperature.A recentanalysisby Dunnand
Linof stabilitycriteriaforthree-dimensional-disturbancesfora Prandtl
numberof0.75~ees morecloselywiththeflightdataata Machnumber
of4.0thandoesVsnDriest’stwo-dimensionaJ-
Frandtlnumberandviscosityassumptions.

INTRODUCTION

solutionforthessme

Thedesignofhypersonicballisticmissilescandependcriticallyon
thetypeofboundarylayerthatexistsalongthebody. Iflaminarflow
canbe maintainedoverthemajorportionoftheexposedmissilesurface
area,theheattransferintothebodyduringre-entrywiIlbe onlya
fractionofthatfora turbulentboundarylayer,andappreciableecono-
miesinmissileweightandcostcanbeeffected.
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Analyses(refs.1 and2)haveindicatedthatat supersonicMach
nunibers,laminarboundsrylayerscanbe maintainedtohighReynoldsnum-
bersby properlycoolingtheskinofthevehicle.However,theseanaly-
ses,althoughqualitativelysubstantiated(refs.3 and4),donotaccount
fortheeffectsof suchvariablesasfree-stresmturbulence,surface
roughness,andshockwavesorotherexternaldisturbances.Experimental
dataareneededforevaluatingtheoryandforpracticalapplicationto
missiledesign.

BecauseofthehighReynoldsnunibersandstagnationtemperatures
m*

involved,andbecauseoftheunknowneffectofwind-tunnel-inducedtur- Z
bulence,free-flighttestsareatpresenttheonlymeansforobtaining
muchofthedesiredinformation.Inadditiontoneedsforevaluationof
boundary-layerst~ilitycriteria,dataareneededonheat-transfercoef-
ficientsathighMachnumbersandReynoldsnunibers.To facilitatepub-
licationofthedata,thisreportwillpresentonlythedataconcerning
boundary-layerstAbility.

Thedatareportedhereinwereobtainedfromtheflightofanair-
launchedrocket-propelledcone-cylinderbodyofrevolutionthatwasde-
signedtoobtainboundary-layer-stabilityandheat-transferinformation
fora 20°included-angleconeatfree-stresmMachnumbersup to approxi-
mately5.0. Duringtheacceleratingpartoftheflight,theratioof
Scintemperatureto localstreamstatictemperatureremainedwithina
regionwheretheoreticallythelam.inarboundarylayerwouldbe completely
stabletotwo-dimensionaldisturbances.

APPARMTJSANDPRocEm-RE

A sketchofthemodelgivingpertinentdimensionsisshowninfig-
ure1 anda photographofthe20°included-anglenoseconeisshownin
figure2.

A completegeneraldescriptionofthet~e ofmodelused,thein-
strumentation,andthecalculationprocedureisgiveninreferences5Y
6,and7. Themodeldescribedhereindifferedfromthoseofreferences
5 and6 asfollows:(1)Grossweightat launchingwasreducedto 197
poundsby reducingtheweightofleadlxdllastinthenosefrom13.5to
8 pounds;(2)Thetelemeterantennawasmovedfromthenoseconetothe
trailingedgeofthefins(fig.3) inordertoallowa continuouslysmooth

.
conesurface;(3)Thesurfacefinishoftheconewas1$to 2 microinch

rmsasdeterminedby a Brushs&faceanalyzer.Thisdegreeoffinishwas
obtainedby a metallurgicalpolishingtechniqueusingprogressivelyfiner
gradesofdiamondpolishingcompound.
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Theinstrumentationconsistedoftwoaxialaccelerometersandnine
resistance-wireskin-temperatureelements.Oftheninetemperatureele-
ments,twofailedprior—tolaunching.

Thelocationsofthesevenusabletemperatureelementsareshownin
figure4. Sixoftheelementswerelocatedina lineat slantdistances
of11.66,14.16,18.28,20.97,23.53,and25.84inchesfromthecone
apex.Theseventhelementwaslocatedatthe23.53-inchstationonthe
oppositesideofthecone(0= 1800).Theskinthicknessatthe
temperature-elementlocationsrangedfrom0.0295to 0.0321inch.The
twoaccelerometerscoveredrangesof -2to+37andO to -12gravitational
units,respectively,andwereconnectedto a comontelemeterchannel.
Therangewasswitchedfrompositivetonegativeduringflightby the
‘g”switchshowninfigure5.

Themodelwasreleasedata highaltitudefromanF82airplaneand
waspropelledby a solidpropellant6KS3000rockethousedwithinthe
cylindricalportionofthevehicle.

Thecalculationprocedurewassimilartothatdescribedinreference
6 exceptasalteredbythefactthatstaticandtotalpressureswerenot
measuredduringthisflight.Therefore,thefree-streamvelocitywasob-
tainedbyintegratingaccelerationdataandfromradartracking.The
free-stresmstaticpressurewasobtainedfromthecalculatedaltitudeand
anatmosphericsurveyconductedby thecarrierairplanefollowingthe
missileflight.

RlKW13%ANDDISCUSSION

Timehistoriesoffree-streamvelocity,free-streamllachnumber,
axialacceleration,free-streamandconeReynoldsnmiberperfoot,and
free-stresmstaticpressuresrepresentedinfigure6. A curveofalti-
tudeagainsthorizontalrangeisplottedinfigure7. Themodelwas
launchedatanaltitudeof35,340feetanda free-streamMachnumberof
0.55.Therocketwasignitedbydelaysquibs5.7secondsafterrelease
andthemodelacceleratedto a maximumvelocityof5015feetpersecond
anda Machnuniberof5.02duringthefollowing6.7seconds.Ape& ac-
celerationof1093feetpersecondpersecondwasobservedjustafter
rocketignition.At peakMachnumber,themodelwasatanaltitudeof
27,000feetandthefree-streamandconeReynoldsnuriberswere15.9and
23x1.06perfoot,respectively.ThemaximumlocalReynoldsnumberonthe
coneata slantfistanceof25.84inchesfromtheconeapexwas50K106.
Afterrocketburn-out,themodeldeceleratedbecauseofdrag,reaching
a maximumdecelerationof -365feetpersecondpersecondat 13.4seconds
afterrelease.Theinflectionsinthedecelerationcurvebetween27.5
and33secondsaredueto changesintheaerodynamicdragforcesasthe.

-.—.. ..— —--——. .-— ..—-——— —-—— —— .. —.. – ——————. —--
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modelpassedthroughthetransonicMachmmiber
titerrelease,themodel~eachedsealeveland
numberof0.90.
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region.At 37 seconds
haddeceleratedtoa Mach

Timehistoriesof skintemperaturests at sevenlocationsare
presentedinfigure8. Alsoshownarethefree-stresmtotaltemperature
To,adiabaticw~ temperatureTaw,statictemperaturejustoutsidethe
coneboundarylayertb,andfree-stresmstatictemperatureto.

E
Becauseoftransientflightconditions,themissileskinis,except z

foran instantnearpeakskintemperatures,alwaysbeingheatedorcooled
by theboundarylayer.Therateatwhichtheskinisbeingheatedor
cooledisa functionofthetotalenergyintheboundarylayerandalso
ofthestate(laminarorturbulent)ofthe%oundarylayer.Sincethe
totalenergyintheboundarylayerchangessmoothlywithtime,anyabrupt
changeinthetimerateof changeoftheskintemperaturecanonlyindi-
catecorrespondingchangesintheboundary-layerheat-transfercoeffi-
cient.Theheat-transfercoefficienth isshowninfigure9 fora
typicaltemperatureelement.Theboundary-layerheat-transfercoeffi- .

cientisdirectlyrelatedtothestateofthelmundarylayersothat
whiletheskinisbeingheated,a suddenincreaseintheslopeofthe
skin-temperaturecurveindicatesboundary-layertransitionfromlaminar
to_t&bulentflow.An abruptdecreaseintheslopeoftheskin-
temperaturecurveindicatesboundsry-layertransitionfromturbulentto
laminarflow. Infigure8,foreachofthetemperatureelements,two
distinctchangesinslopeareapparentbetween9.3and11.2seconds.
Thefirstisa decreasein slopeandthesecondan increasein slope,
indicatingtransitionfromturbulentto lsminarflowandthenfromlam-
Inartoturbulentflow.

Theratioof skintemperatureto localstatictemperature-justout-
sidetheboundarylayerts/tb isplottedagainstlocalMachnumberon
thecone ~ forthevariousstationsinfigure10. Thetwotransition
pointsforeachstationme indicatedonthecurvesandthelocalReynolds
numberforeachisgiven.VanDiiesthasshown(ref.2)thattherequired
temperatureratioforboundary-layerstabilityatMachnunibersgeater
than2.0isessentiallythesameforallReynoldsnumbersfrom8X104to
infinity.Consequently,theanalyticalsolutionoftheboundary-layer
stabilityequationbasedon infiniteReynoldsumber isequaltotheso-
lutionatthefiniteReynoldsnuuibersencounteredinthisinvestigation.
Thetheoreticalcurvefromreference2 ispresentedinfigure10andcom-
@red withtheexperimentaldata.

-,
As themodelpenetratestheinfinitest~il.ityregionduringaccele-

ration,theboundarylayerisobservedto gofromturbulentto laminar
foreachofthestations.However,at locallfachnumbersfromabout3.5

—
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to4.0,andatwallto localstreamtemperatureratiosofabout1.2to
1.3,theflowisobservedto gobacktoturbulent.Thesevaluss~f
ts/t5 andlocalMachnumberarewellwithinthetheoreticallystable .
region.ThelocalReynoldsnuniberatwhichthesetransitionsoccurred
variedfrom9X106to 32x106basedon slantdistancefromtheconeapex.
Thetransitionwa8observedundernearlyidenticalconditionsatthetwo
23.53.inchstations,whichwere1800apart.

3+ Thetemperatureratioatwhichtransitionoccurredisplottedagainst
m localReynoldsnrmiberattheinstantoflxtansitionforthevarioussta-

tionsinfigure11. Thedataareplottedseparatelyfortheturbulent-
to-laminsrandlaminar-to-turbulenfcases.LocalMachnunibersforeach
pointaxeindicatedonthecurves.AlsoshownisoneofVanDriestts
solutions(forFrandtlrnmberof 0.75andSutherlandviscositylaw)for
temperatureratiorequiredforinfinitestabilityatMachnunibersof
2.5,3.0,and4.0ona flatplate.ThelocalMachumber atwhichtran-
sitionoccurredvariedfrom2.67to 2.74infiguren(a) andfrom3.45
to 3.93infiguren(b). It isapparentfromtheshapeoftheexperimen-
talcurvethatfurthersmalldecreasesintemperatureratiomightleadto
appreciablyhighertransitionReynoldsnunbers.It isof interestthat
inreference4,thereisan indicationofa transitionfromturbulentto
laminarflowona 20°coneata Reynoldsnumiberof 90X106,localstream
Machnmiberof 2.3,andskinto localstreamtemperatureratioofabout
1.20.

Infigure12,thedataoffigure11arecmibinedandcomparedwith
recenttunnelresultsofa boundary-layerstabilityinvestigationcon-
ductedona 10°cone(ref.8)ata free-stresmMachnumberof3.12(cone
Machnumberof3.02).ThemaximumtransitionReynoldsnumberofthetun-
neltestswasabout10.6x106.Thetunnelmodelhada surfacefinishof
theorderof 16microinchrms(somewhatrougherthanthatofthefl@t
model). Theresultsofthetunnelandflightinvestigationsappearto
agreewithinthescatterofthedataata Reynoldsmuriberofabout10X106.
ThetunnelandflightconeMachnuuibersatthisconditionwere3.02and
2.7,respectively.

Thesignificanceoftheagreementbetweenthewind-tunnelandflight
dataata Reynoldsnumberof10KL06isdifficultto assesswiththelim-
itedamountofdataathand.Theagreementmayindicatethatatthese
conditionsthereisno appreciableeffectofusinga surfacefinishfiner
thanthetunnelvalueofabout16rmsandthatthe”turbulencelevelthat”
existedinthetunnel(0.5to 1.0percent)didnotaffectresultsata
Reynoldsnuuiberof10X106.Apparentlytheflightdataprovidean excel-
lentextensionofthetunneldatatohighReynoldsnunibers.

TheflightdataatReynoldsnumbersnear20xl.06indicatelittleMach
numbereffecton stabilitycriteriaatlocalstreamMach?nuibers%etween
2.68and3.92.

R!i!
!

—. .— — — ——.——.—-—- ——- ——— —— .————...



6 llACARME55115

A largeamountofdataisbelievedtobe requiredbeforeactual
boundary-layerstability’criteriacanbe determined.However,fromthe
limiteddataoftheflight,itappearsthatwitha 20°conepolishedto
a surfacefinishof1.5to 2.0microinchrmsandflownunderactual
atmosphericconditions,thetemperatureratiorequiredforboundary-layer
stabilizationathighReynoldsnunibersislowerthanthatpredictedby
VanDriestwhenhissolutionisbasedona Prandtlnumberof 0.75andthe
Sutherlandviscositylaw.

A Prandtlnumberof0.75andtheSutherlandviscositylawarebe- m
lievedtobe reasonableassumptionsforcalculatingtheboundary-layer :m
stabilitycriteriafortherangeof conditionsencounteredduringthis
investigation.However,inreference2, calculationsarealsobasedon
theassumptionof viscosityproportionaltotemperatureanda Prandtl
numberof 1.0. Showninfigure13 isa comparisonoftheconditionsat
whichtransitionwasobservedinflightwithVanDriest’sinfinite-
stability-criteriasolutionsforthevariousassumptions.Although
boundary-layerstsbilityor instabilityandboundary-layertransition
arenotsynonymous,theconditionsunderwhichtra~ftfonOC~S inthis
investigationareprobablyindicativeofboundary-layerstabilitycrite-
ria. Ifthisisassumedtobe true,thaobservedtransitionconditions
fortheconfigurationflownindicatethattheVanDriestsolutionbased
ona Prandtlnuniberof1.0andviscosityproportionalto temperature
givesabetterpredictionof stabilitycriteriaintherangeofMachnum-
bersfrom2.5to4.0.

A recentanalysisby BunnandLin(ref.“9)considerstheeffectsof
three-dimensionaldisturbanceson stability.Theirsolutionsforthree-
dimensionaldisturbancestabilitycriteriaata localMachnumberof4.0
andbasedona Prandtlumber of0.75indicatea lowertemperatureratio
requiredforstabilitythandoesVanDriest’sanalysisforthetwo-
CLbnensionaldisturbancewiththesamePrandtlnumberandviscosityrela-
tion. ThesolutionatMach4.0showninfigure13isincloseragreement
withtheexperimentaldatashownthanisthestabilitycriteriabasedon
two-dimensional&Wmrbances. Completesolutionsforthethree-
dimensionalcasehavenotasyetbeen*, sothatcomp~fsonsatother
Machnumibersarenotavailable..

At appreciablyhigherfree-streamMachnumbersthancoveredherebut
withthessmerangeoflocalconeMachnuuibers,thehighairtemperature
intheconicalflowfieldandintheboundarylayerwillhaveana~reci-
ableeffectonPrandtlnumberandviscosity.Cautionshouldthereforebe
usedinapplyingresultsofthepresentinvestigationto highfree-stream
Machnumberswithbluntcones,eventhoughthelocalMachnumber,Reynolds
number,andtemperatureratiosmaybe comparableinbothcases.
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CONCLUSIONS

A highlypolished.20°included-anglecone-cylinderbodyofrevolu-
tionhas%eenflownto obtainboundsry-layertransitiondataatlow
ratiosofwallto localstresmtemperature.Thefollowingresultshave
beenobtained:

1.A maximumfree-streamMachnumberof5.02andmaxinmmlocalRey-
~ noldsnumberontheconeof50x106werereachedduringtheflight.
2 2.Transitionfroma turbulentto a laminarandfroma laminarto a

turbulentboundarylayerwereobservedat eachof sevenmeasuringstations
onthecone.TheminimumandmaximumtransitionReynoldsnunibersobserved
were9x106and32x106,respective~.ThemaximumtransitionReynoldsnum-
beroccurredata localMachnuniberof3.56witha wallto localstream
temperatureratioof1.20.

3.Ifitisassumedthatconditionsunderwhichbcnudary-layer‘
transitionoccm inthisinvestigationareindicativeofboundary-layer
stabilitycriteria,thedatasuggest:

a.VanDriesttssolutionsforthestabilitycriteriabasedontwo-
dimensionalUsturbancesanda Prandtlnuniberof1.00withvis-
cosityproportional.totemperaturecloselyapproximatethefree-
flightdataatlocalllachnumbersfrom2.5to4.0andatReynolds
numbersfrom9x106to 3ZX106.

b. Theexperimentaltemperatureratioforboundary-layerstability
ata localMachnuniberof4.0is closertothevaluecalculated
by DunnandLinthanthatcalculatedbyVanDriest.Theanalyses
by DunnandLinandVanDriestareforsimilarassumptions(Pragdtl
nuniberof0.75,infiniteReynoldsnumber,andlinearviscosity-
temperaturerelation)butdifferinthetypeofboundary-layer
disturbance.DunnsndLinassumethree-Mnensionaldisturbances,
whereasVanDriestassumestwo-dimensionaldisturbances.The
three-dimensionalanalysisgivesa temperatureratioof 1.47as
comparedwith1.65forthetwo-dimensionalanalysisandapproxi-
mately1.30fortheexperimentaldataata localMachnuniberof
4.0.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteefor

Cleveland,Ohio,Septeuiber
Aeronautics
15,1955
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Model SmcificatiorM

Oross weight at launching, lb
Weight at CM of rooket booet, lb
Launohing altitude, f t
Center of gravity at launching (sktion), in.

Center of gratity at end of rocket bcmmt (ats.tion), in.
CrOss-6ecti0nel area (E.), Bqft
Skin thiche.ss at temperature mmring titiono, in.
Skin thickness of Bhell, in.
Fin area (2 fin6), sq in.
Stabilizing-fin root-chord - thiokmes6 ratio

197.6
93

33,340
49.9
47.2

0.466
0.0295 to o.0321

0.032
152
0.011

______
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AI
+11.50

7.50
,,

i
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, 8.00
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Figuare 1. - Dimeneiona and
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specifications of mcdel.
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Figure 5. - l?hotograph of telemeter assemblyshowing“g”switch.
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(a) Slant di~tanoe fmm . ..* apex, 11.66 inohea.

Flgllm 8. - mm history of air and mkln tempemtien for 20-deErOe oom-oylinder test vehicle.
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(b) Slmt din’canoe fm . . . . apex, 14.16 inohes.
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(o) slant distanoe frm oone apex, 18.28 lnohen.

Figure .9. - Cmtinue-1. Tlm hieton of alr and c.ldn tnmperatba for 20-dwree oone-oyllnder tent vehiole.

I

SLk



(

1

,
,

I

I

(d) 81mt distance from cone apex, 20.97 inOh~B.

Flgwre 8. - Continued. -O bimtory of air and skin tmperaturea for 20-degree oone-oylinder test vehiale.



(e) Slant dimtanoe frm oone apm, 2S. S.5 lnohes.

Fi@rO 8. - Cmtlnwd. Time Maim-y of ati and tin tmperatuma for Xklag.aa oone-oyllndm tmt vehiole.

,



LX-4

I

I

I

I

I I 1 I
L Pkbiint temperature, to

I I I I ,

10 12 14 1% 18 m 22 24 26 28 30 32 34 38 30
Ttie after releme, em

(f) Slant dietanoe trm o.nm apex, 2S.84 inohe~.

Figure B. - Continued. Time history of air and mtin tenperature6 for 20-degree oone-o~litier test vehlole.



(g) 81~t ~B@OU km 00.0 8PBX, 23.53 iIIOh..9Je - lea” (fig. 4).

F&me 8. - Conoluded. Timm bimtory of air and mldn tmperaturw for =AIagre@ oone-oyliuier teat vmhlole.
.

‘a.Ls ‘



CA-4back

{

I

i

I

I

./
Heat-transfercoefficient,h,Btu/(sqft)(OR)(sec)

.
0
ulo

)
)
)



28 aii~ MAC!ARME55115

3

-Jo o
0 % ~n

o
0

3
2- 0 0

0
0 Transition

Lo ot9c
<
+m df’
. ()000051 _LocalReynolds_
~

j

~o
M
$ (a)Slantdistancefromconeapex,Il.66inches.
s 3.
8 00 0:m o %
$ 0

u
o “%:l-l D o

02 ‘ — — ~ — — — ~ — — ~
o 0

0
: Wsmsitions o

~ .OO
&9

w
o030C)000 30

1 00000
19.9X106 Re5

I
L
o 1

(b)

Figure10.-
localMach

I I I I
—Infinite stability

I

criteriaforflatplate,
Sutherlandviscositylaw–
and=andtlnumberof
0.75assumed(ref.2)

2’ 3 4 5 6
Locall.kchnumber,Mb

Slantdistancefromconeapex,14.16inches.

Variationofwalltolocalstreamtemperatureratiowith
number.



NACARME55115 29

1 1
~initestability
criteriaforflatplate,
Sutherlandviscositylaw—
andPrandtlnumberof
0.75assumed(ref.2)

u o
0 0

0 90 bon
2
v o

0 0
0 0

“

E’
) —

Transitions
0°A9u- \

()Ooot)

(c)Slantdistancefromconeapex,18.28inches.
B 3-
8
$ 0 Oo 0
m 0
r-J 0

1.
v 0 ‘0
3 3

0 0
v 0

~2 —
*
rl

d“ 0
Transitions 0°

g o
3 d y J \

o0

() Oc)Oc1000~0
1

16.6X10626.6x106 Re5

/

o 1 2 3 4 5
LocalMachnumber,~

(d)Slantdistancefromcorieapex,20.97inches.

Figure10.- Continusd.Variationofwalltolocalstreamtemperature
ratiowithlocalI@chnumber.

------ _. -_ .__. -.. .—= -—— —.— . — - —.—._—— .- —— ——



30 I?ACARM E55115
.

I I
—Infinite stability

:

000

crit=ia forflatplate,
Sutherlandviscositylawi
andfiandtlnumberof

5 0.75assumed(ref.2)
3M

o
0 % .w

o
0

0 32-
00

~— — ~
mm itions o

a 0°
<
-PM dp

$-1-
)0000

2

$
~
go
8
-P (e)Slantdistanceftromconeapex,23.53inches.

o 1 2 3 4 5 6
localMachnumber,~

(f)Slantdistancefromconeapex,25.84inches.

Figure10.- Continued.Variationofualitolocalstreamtemperature
ratiowithlocalMachnumber.



NACARME55115 31

to
Ii

~inite stability
criteriaforflatplate,—
Sutherlandviscositylaw

3
andPrandtlnumb= of
0.75assumed(ref.2)-

~o 00 0

0
0

0
2

0 0
w

&’c
I ‘Im nsitions o

0 0°
Ao
& “ o“

1 )ooo~) LocalReynolds
18.1X106-Z7.7x106—number,F&b

/

o 1 2 3 4 5 6
LocalMachnuniber,1$

(&3)Smnt distancefrOmconeapex,23.53inches;9 = 180°(fig.4).

Figure10.- Concluded.Variationofwallto localstreamtemperature
ratiowithlocalMachnumber.

.

..- . . ——.- ——-— -—...——— —-—- ————-—



32 NAC.ARME5511.5

1 I station,in.I
o IL66

U. 16
:

I
18.28

v 20.97
A 23.53
A 23.53; d -180° (fig. 4)
L 25.84

— — Flat-plate boundary-lay= stabillty criteria,
6utherland viscosity law and Frandtl number
of 0.75 assumed (ref. 2)

1.8 .

co
<m
+
. Ucal l.kch

~ L4 .nomber, ~
$ 2.71 2.71
& o A

g 2.73

$m. 1.0”

: 2.2 -
$
*m
$
u
3

1.8 -
$

g

$
Ucal mch
Ilunibm, %

# 1.4 -
* z ;0
2 —.

3. L — ‘— .

tl
. . F. ==

3.56 3.56

1.08 4
12 16 20 24 28 32 36X106

llanaitionReynoldsnumber

(b) Iamlnsr toturbulentboundary-layertransition.

-e ~. - Variationofwalltolocalstreamtemperatureratiowithtransition
Reynoldsnumber.



u
i!
24
3*.
a>
~;s

-d$
S2
:

:’1

0 2 4 6 e 10 12 14 18 18 m 22 24 !26 22

Transition R*ynOldO number

so 32.106

Fi~ 12. - Ccqmr18cm of flight and wind tunnel bmndary-leyer tranaiticm data.

F!
F
w



t-

11[111
—Theoretical curves from ref. 2

0 Transition frcm turbulent- to
fluht data

n ‘-’l; +++++++Transition from I.aminw-to turbulent-flow
3

L

flightdata
Q W andLin’.9

disturbance;

progmrtional

.901u%ion for three-climeneional
Mh, 4.00; B?, o. 75; VL3coeity

to t~erature (ref. 9)
I I I

R’andtlnumb=, ‘

2
&utherland
viscosity law

1

1 2 3 4 5 6 7 8 9
Local etream Mich number, ~

Figure 1.3. - Co~iaon of bound=y-layer tramition data from free-flightteats with aevqal
theoreticalsolutio~ for boundary-layer6tabilltycriteriaat infiniteReynoldsnumber
(refa.2 and 9). I

,

#

P
o-l

I


